To assess the test -retest, intra-and inter-reader reliability of thoracic aorta measurements by magnetic resonance imaging (MRI).
Introduction
Arterial stiffness, an indicator of increased systolic blood pressure and pulse pressure, has also shown to be associated with aging, atherosclerosis, cardiovascular disease, 1 -3 and heart failure. 2 The central aorta, it is believed, accounts for a majority of the global arterial stiffening and atherosclerotic burden. 4 The value of arterial pulse wave velocity (PWV) as a marker of arterial stiffness to predict fatal and non-fatal cardiovascular events over traditional risk factors has been established in numerous studies in patients and in the general population 5 -7 and has the advantage of being less technically challenging than local stiffness measurements. Aortic stiffness is independently associated with manifestations of cerebral small-vessel disease in hypertensive patients, 8 and it is increased in patients with type 1 DM independently of renal dysfunction. 9 PWV is associated with the presence of carotid intraplaque haemorrhage and with plaque composition. 10 Magnetic resonance imaging (MRI) has the unique ability to combine in a single exam the assessment of ventricular geometry, myocardial function, and central aortic stiffness (distensibility and PWV). MRI has a distinct advantage over ultrasound in that full three-dimensional visualization of the aorta is possible. This enables placement of the imaging plane perpendicular to the aorta in a reproducible fashion. Another particular advantage of MRI is in the measurement of aortic distensibility from MRI as a change in two-dimensional aortic wall circumference or lumen area instead of one-dimensional wall diameter as seen in M-mode echocardiography. Furthermore, depending on the imaging protocol, velocity data and PWV can be acquired simultaneously with just one acquisition in two aortic locations (ascending and descending) precisely. 11 ARTFUN, an automated aortic analysis software, has been used and validated in both phantom and several human studies previously. 12 The only user intervention required in analysis is to point the centre of the aorta and, when necessary, another point close to the vessel wall on one image of the cine series, with automated border detection and fitting for the entire cardiac cycle performed automatically.
However, the reproducibility of the results when the MR study is repeated a few days from the baseline MR study has not been examined yet. This is an important issue with regard to the quality of results obtained in the Multi-Ethnic Study of Atherosclerosis (MESA). In order to draw conclusions on temporal trends in aortic measures from the MESA data, understanding test-retest reproducibility between the exams becomes essential. In MESA, aortic variables were sampled with the transverse section image at the level of pulmonary artery bifurcation. The MESA protocol includes qualitative alignment of slice positions between previous and current exams but misregistration between slices remains a potential source of variation which has not been assessed.
Methods

Study population
MESA was a prospective, population-based, epidemiological study to investigate the progression and prevalence of subclinical cardiovascular disease in a multi-ethnic cohort (Caucasian, African American, Hispanic, and Chinese) of men and women 45-84 years of age. The characteristics of MESA subjects have been described previously. 13 During the MESA follow-up exam (2008 -09), 25 participants were available and consented to two aortic phase contrast (PC) cine examinations. No restrictions on diet were placed prior to the scans and participants did not receive any medications before the exam. The examinations were performed within a period of no expected clinical change-13 + 7 days (range, 7 -28 days) of each other. The local institutional review board committee approved the study.
Imaging acquisition
The studies were performed on a similar 1.5 T MR Systems (MAGNE-TOM Avanto; Siemens Healthcare, Erlangen, Germany) with a bodymatrix coil and a spine-matrix coil using 12 coil elements. To visualize the thoracic aorta, images in the sagittal planes were acquired using electrocardiogram-gated Steady State Free Precession acquisition with breath hold. Then, one transverse plane at the level of pulmonary artery bifurcation was acquired using a PC sequence with breath hold. PC cine images were acquired using segmented k-space; electrocardiogramgated PC pulse sequence. 
Image analysis
The ascending and proximal descending aortic contours throughout the cardiac cycle were semi-automatically obtained on both the modulus and cine images of the PC acquisition ( Figure 1 ) using the ARTFUN software (INSERM UMR-S 1146). The general user intervention was to identify the centre of the aorta on one image of the cine series, with subsequent border detection for the entire cycle being completely automatic. When the vessel wall was not automatically detected with sufficient accuracy, the reader drew the border manually for each image based on the cine images.
The maximum (A max ) and minimum (A min ) aortic lumen areas and relative change in area (aortic strain) obtained 14 were defined as shown in Eq. (1).
Aortic arch PWV was calculated as a ratio of the distance (D) between the ascending and descending aortic locations of the phasecontrast acquisition and the transit time (Dt) from the flow curves using the modulus images (see Eq. (2)).
The transit time was calculated as the average time difference between the ascending and descending aortic systolic upslopes. A least-squares method was used to estimate the upslopes from all the data points as shown in Figure 2 . Peak flow normalization preceded this estimation process. 15 The distance travelled by the pulse wave was measured as the centreline of the aorta using 13 -15 markers on the sagittal planes of the aortic arch-starting from the centre of the ascending aortic imaging plane and ending at the descending aortic plane ( Figure 2 ). To assess for differences in slice location between scans, the vertical distance (VD) was measured between plane and aortic arch using AZE Phoenix (AZE, Ltd. Tokyo, Japan) DICOM workstation.
To evaluate the effect of spatial resolution, the images were downsampled from their original 256 × 256 matrix size to 192 × 192 (25% reduction) and 128 × 128 (50% reduction) using bicubic interpolation (MATLAB function 'imresize', Mathworks, Natick, MA). To evaluate the effect of temporal resolution, every alternate image was chosen from the imaged cardiac cycle to obtain a perceived temporal resolution of 50% of the original.
Intra reader reproducibility was established by one reader who performed analysis of the studies twice to generate aortic structural and functional parameters, the interval between the two analyses was at least 15 days. The reader was blinded to the first read while performing the second read. Inter-reader reproducibility was assessed by two readers who analysed the same cases using ARTFUN to generate aortic data. The second reader was blinded to the results of the first reader. Inter-study reproducibility was performed by the same reader with at least 7 days between reading of the first and second exams, and being blinded to the first exam while reading the second exam.
Statistical analysis
The difference in aortic measurements between two exams was represented by the mean difference and the standard deviation of the mean difference between the exams. Reliability was assessed using the intraclass correlation coefficient (ICC) with a model of absolute agreement; absolute measurement error was estimated by the standard error of measurement (SEM) and smallest detectable change (SDC). 16 The SEM quantified the within-subject variability and the SDC in the measurement that can be reliably assessed accounting for measurement errors.
Bland -Altman analysis and Passing -Bablok regression 17 were performed to visualize the agreement and measurement error between the repeated studies. The degree of agreement between the two studies was determined by the mean difference and 95% confidence intervals of the mean difference. 18 Study sample sizes required to show a 10% absolute change in aortic parameters with a power of 80%, an a error of 0.05 and inter-study standard deviation were calculated. 19 Statistical analysis was performed using SPSS statistical software version 20 (SPSS Inc., Chicago). Bland -Altman analysis and Passing -Bablok regression were performed using MedCalc, version 13.2.0.0 (MedCalc Software, Mariakerke, Belgium). All continuous variables were represented by mean + SD and categorical data were presented as percentages. Paired t-test was used to determine the differences in continuous variables. All tests were two-tailed and a P-value ,0.05 was considered to be statistically significant.
Results
Participant characteristics
The population consisted of 18 males and 7 females with a mean age of 66 + 7 years (range 53-80 years), Caucasians 64%, and African Americans 36%. Of these, 28% had diabetes mellitus, 56% were hypertensive, 64% were current smokers, and 16% had hyperlipidaemia. There was no significant difference between the heart rates at the time of the examination (62.1 + 13.5 at Exam 1, 63.4 + 15.2 at Exam 2 with a P value of 0.43). Image quality was adequate for analysis in all studies (only 6 of 50 cases required manual aorta delineation) in all the subjects.
Intra-and inter-observer reproducibility
Intra-and inter-observer reproducibility of aortic parameters is presented in Table 1 . Intra-and inter-observer reproducibility was excellent for aortic area, transit time, transit distance, descending aortic strain, and PWV (ICC range 0.84 -0.99). Ascending aortic strain had excellent intra-observer reproducibility (ICC ¼ 0.87) and fair inter-observer agreement (11.53 + 6.44 vs. 9.44 + 5.24, P ¼ 0.058, ICC ¼ 0.56, P , 0.01).
Inter-study reproducibility
The average aortic area, transit time, transit distance, aortic strain, PWV, and VD were similar in both exams (P . 0.05) ( Table 2 ). All aortic parameters had superior intra-and inter-observer reproducibility compared with inter-study reproducibility. The inter-study reproducibility of aortic measurements was still fairly high for most parameters. ICC, SEM, and SDC of all aortic variables are shown in Table 2 .
Ascending and descending aortic areas had excellent inter-study reproducibility at maximum and minimum areas (ICC ¼ 0.91 and 0.89; SDC ¼ 0.70 and 0.72 for ascending aortic area while ICC ¼ 0.98 and 0.98; SDC ¼ 0.09 and 0.11 for descending aortic area, respectively) ( Table 2 ). Ascending aortic strain had moderate inter-study reproducibility (ICC ¼ 0.53; SDC ¼ 11.89). Descending aortic strain and PWV had good inter-study reproducibility (ICC ¼ 0.74 and 0.77; SDC ¼ 5.56 and 4.04, respectively). Intra-, interobserver, and inter-study reproducibility of ascending aortic strain, descending aortic strain, and PWV are demonstrated by BlandAltman and regression plots in Figures 3 -5 . Transit distance had moderate inter-study reproducibility (ICC ¼ 0.38, SDC ¼ 66.32); however, VD was not reproducible.
Delta VD (Exam 2 -Exam 1) and delta transit distance had a high positive correlation (r ¼ 0.92, P , 0.0001). However, delta aortic strain had no correlation (r ¼ 0.12, P ¼ 0.399) with delta VD (Figure 6 ).
The estimated sample sizes required for longitudinal assessment of 10% change in variables are presented in Table 2 (power 80%, a ¼ 0.05). Table 3 and Figure 7 show the comparison of aortic parameters between the standard acquisitions and the low spatial resolution images on the one hand and between the low temporal resolution images on the other hand. The area measured was slightly greater in lower spatial resolutions. The strain observed was also significantly greater, particularly when in plane resolution was reduced to 50% of the original (8. inter-observer reproducibility of all aortic parameters is excellent, with the exception of the inter-observer reproducibility of ascending aortic strain, which is moderate. As demonstrated by ICC, SEM, and SDC, aortic areas have excellent inter-study reproducibility. Transit distance is moderately reproducible between the studies. Descending aortic strain and PWV have good inter-study reproducibility, whereas ascending aortic strain is moderately reproducible between the studies. Reproducible and clinically meaningful quantitative measures of arterial stiffness are important and necessary for monitoring patients' response to therapeutic interventions and identifying novel therapeutic mechanisms. Estimation of the sample size in clinical trials, where serial measurements of endpoints are performed, also necessitates prior determination of measurement reproducibility. To this end, identification of the physiological variation in aortic measures is necessary for the determination of measurable longitudinal change. In this study, by performing two exams within a single month on each participant, we ensured that there was no expected clinical change. To eliminate variability arising from the scanner (magnetic field strength, magnet vendor, and site), the studies were obtained at the same site and scanner. Specific to aortic measurements, maintaining consistency in image acquisition parameters such as temporal and spatial resolution, slice location and slice orientation play a crucial role in reducing variability. To this end, a standardized imaging protocol was used. The technologists, however, were blinded to the previously chosen slice position and orientation on sagittal localizers to approximate a practice clinical scenario.
Effect of spatial and temporal under sampling
All aortic function measures by ARTFUN had good-to-excellent intra-and inter-observer, and inter-study reproducibility, with the exception of ascending aortic strain. Ascending aortic strain showed variation both with respect to inter-observer and inter-study variability. While the difference in the measured aortic strain was minimal, the ICC was moderate at best. The shifting of the phasecontrast imaging plane and its' effect on the estimated strain was assessed. The lack of a relationship between the difference in the distance of the imaging planes from the aortic arch and the difference in aortic strains between exams suggested that this effect was minimal. The resulting aortic strain was similar to the different study acquisitions, indicating that minimal alterations in slice location play a negligible role in the variability of aortic strain and PWV measurements. Strain is variable by the patient's blood pressure. 12 Distensibility (aortic strain divided by pulse pressure) is usually used for assessment of aortic stiffness and is perhaps a more accurate identifier of inter-study variability of strains as it accounts for change in blood pressures. These, however, do not explain the low interobserver variability seen here as well. The accuracy of ARTFUN for automated contour segmentation of the aorta with respect to area has been explored. 20 While in our study, the maximum and minimum areas and descending aortic strain remained highly reproducible, ascending area strain was not. One reason could be the significantly higher in-plane movement over the cardiac cycle of the ascending aorta when compared with the descending aorta. This may introduce slight errors in area and strain assessments. The sample size estimates to assess 10% longitudinal change in parameters was low for aortic size measurement. Sample sizes for strain and PWV, which are derivative of flow and size (ratios), are substantially larger. In-plane image resolution and temporal resolution may play a major role in longitudinal monitoring of change in parameters. The aortic strain measures were influenced when the in-plane resolution was reduced or when the temporal resolution was increased, indicating the importance of maintaining the same imaging parameters. When the in-plane resolution was reduced a higher strain value was observed, perhaps because of the decreased ability to resolve small changes in area which are close to the order of the image resolution. Similarly, a decreased temporal resolution results in a reduced ability to resolve the true maximums and minimums over the cardiac cycle.
Clinical implications
Several studies have been conducted using similar imaging protocols for aortic distensibility, a measure of local stiffness, and PWV, a consolidated measure of arterial stiffness, demonstrating the clinical utility of aortic function. A significant association was observed between aortic distensibility and diabetes mellitus. 21 Aortic wall thickness and distensibility are related to cardiovascular risk factors. 22 Aortic stiffness is strongly associated with ageing 23 and the incidence of cardiovascular events 24 and hypertension. 25 Longitudinal assessment of sophisticated parameters such as aortic distensibility and PWV may help in successful detection of the effect of early arterial remodelling, before clinically overt disease appears. It is in this setting that the excellent inter-study reproducibility in the current study of PWV and aortic area should be interpreted allowing for their use in a diagnostic capacity in clinical and/or subclinical cardiovascular disease. While echocardiography is the most popular approach for aorta evaluation currently, it is an operator-dependent technique and limited by patient's acoustic window. Cardiac magnetic resonance, even if more expensive and not as widely available as ultrasound, offers accurate measurements with excellent reproducibility, ideal for serial evaluation. Similar to a clinical setting, the participants in the current study had a mean age of 66 years and had underlying subclinical cardiovascular risk.
Limitations
The major limitation of the study was the lack of in-exam blood pressure data that were required to ascertain aortic distensibility. Our study population may differ from other populations (both epidemiological and clinical) in terms of cardiovascular risk and consequently aortic parameter values, and hence the results of this study must be considered with appropriate context. An unexplained data limitation of this sub-study performed within the multi-centre MESA is that while participants were chosen randomly (from a single centre) for repeat MRI, considering the sample size, the participant characteristics may not be representative of the overall MESA population. Another limitation is the lack of inclusion of severe aortic abnormalities such as aortic aneurysm or larger aorta as seen in clinical practice, and hence the results of this study cannot be extended to all patients.
Conclusions
In conclusion, our results demonstrate that PC cine yields excellent intra-, inter-observer, and inter-study reproducibility of aortic structure and function in participants without overt or advanced aortic disease. The good reproducibility of this technique will enable MRI to isolate meaningful trends in aortic functional parameters in large cohorts of participants, such as the MESA.
